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Abstract  
Anterior cruciate ligament (ACL) reconstruction in skeletally immature populations remains a 
controversial surgical procedure owing to the concerns over iatrogenic growth arrest of the distal 
femoral or proximal tibial physis. The increasing presentation to orthopaedic surgeons, particularly 
in young athletes and physically active individuals, warrants a consensus opinion on a safe and 
effective surgical technique to help guide evidence-based clinical practice. Previous research has 
reported the effectiveness and safety of primary graft reconstruction and transphyseal ACL 
reconstruction with skeletally immature individuals however the optimal fixation method remains 
ambiguous.  
The current thesis aimed to assess post-operative outcomes in skeletally immature patients 
who had undergone transphyseal ACL reconstruction using round-headed cannulated interference 
(RCI) screw fixation in both the femoral and tibial tunnels. Thirty-one skeletally immature patients 
(21 males &10 females) with a mean age of 15.16 years (range 12 - 16 years) at surgery underwent 
autologous ipsilateral 4-strand hamstring ACL reconstruction using interference screw fixation in 
both the femoral and tibial tunnels. The primary outcome measure was leg-length and alignment 
evaluated by standardised x-ray investigations in the sagittal and coronal planes to examine for 
iatrogenic growth arrest of the physis through radiological and clinical analysis. Secondary outcome 
measures included knee specific muscle strength, function, and subjective patient evaluation of their 
physical activity, function, and pain levels. All outcomes measures were assessed following skeletal 
maturity, with a minimum 2-year post-operative follow-up.  
Analysis of long-leg alignment and lateral radiographs found no statistically significant 
differences (p > 0.05) between the operative and non-operative knees, and no evidence of bone 
growth arrest in either the coronal or sagittal planes. Self-reported outcome measurements reported 
that patients remained active in the post-operative period without significant impairment despite a 
slight reduction in the level of competition which appears to be multi-factorial. Isometric 
dynamometry results demonstrated statistically significant decreased hamstring strength on the 
operative side compared to the non-operative side (p < 0.05), with no statistical difference in 
functional activities such as maximum standing long and vertical jump distance.  
The findings from this study suggest that transphyseal ACL reconstruction is a safe and 
effective surgical technique to restore stability of the knee joint in late stage skeletally immature 
adolescent patients. In the short to medium term, such stabilisation of the knee following ACL 
repair has been shown to help reduce the incidence of meniscal and chondral damage as secondary 
pathologies. This study also demonstrated that graft interposition using interference screws in both 
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the femur and tibia is a reliable fixation method without adverse outcome. Utilising autologous 
hamstring tendon grafts reduces isometric hamstring strength, however this does not appear to 
impact significantly on functional tasks such as maximal standing long and vertical jump 
performance. This later finding suggests a compensatory phenomenon is involved in these more 
“global” functions of the lower limb musculature. Dedicated multi-centre prospective studies will 
serve to provide further data on transphyseal ACL reconstruction using interference screw fixation 
in skeletally immature patients in relation to the “gold standard” method in paediatric orthopaedic 
surgery.  
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Overview  
Anterior cruciate ligament (ACL) reconstruction in skeletally immature patients remains 
controversial owing to the theoretical potential for iatrogenic harm to the patient in the form of bone 
growth arrest of the physis. Despite this, there is increasing awareness and support for the enhanced 
clinical outcome of this procedure to prevent secondary pathology, namely meniscal tears and 
chondral defects, predisposing to early onset osteoarthritis of the knee (Lohmander, Englund, Dahl, 
& Roos, 2007).  
The following chapter will review acute rupture of the ACL, and the implications for clinical 
and functional outcomes in paediatric populations. The current surgical techniques will then be 
discussed, fortifying transphyseal ACL reconstruction as the gold standard technique in skeletally 
immature patients. The rationale for the current thesis will then be outlined. 
 
Anterior cruciate ligament injuries   
The anterior cruciate ligament (ACL) is a primary stabiliser of the knee joint that serves to 
limit anterior translation of the tibia relative to the femur as well as rotations around the weight 
bearing axis of the knee. Anatomically, the ACL is an intra-articular structure originating from the 
tibial spine passing obliquely in a postero-lateral direction to insert on the medial wall of the lateral 
femoral condyle (Arnoczky, 1983). Figure 1 depicts the normal anatomy of an ACL in situ and its 
relationship to surrounding structures in the knee.  
 
Figure 1. Anterior view of the knee joint illustrating the anterior cruciate ligament (ACL), posterior 
cruciate ligament (PCL), collateral ligaments (medial and lateral), medial and lateral meniscus. 
Source: Gollogly, Smith, & West (2011).    
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Anatomically the ACL can be defined as having two distinct bundles, namely the longer 
postero-lateral (PL) bundle (which is tight in knee extension), and the antero-medial (AM) bundle 
(which is tensioned during knee flexion). Clinically, it is more important to recognise that both 
bundles function synergistically to afford knee stability during activity which is the desired surgical 
outcome and primary indication for surgery. 
The ACL is critical to knee stability during activities that demand rapid acceleration and 
deceleration as well as cutting or pivoting manoeuvres (e.g., football, basketball, netball). A 
chronically ACL-deficient knee results in medial subluxation of the tibia relative to the femur and 
decreased varus alignment altering the biomechanics of the joint (see Figure 2). 
 
 
 
Figure 2. Anteroposterior weight bearing radiograph. This chronically ACL-deficient (right) knee 
demonstrates medial translation of the tibia femoral mechanical axis when compared with the intact 
knee (left). Source: Thein et al. (2015).   
Cadaver and animal studies have reported the average cross-sectional area (CSA) of native 
ACLs as between 36 - 47 mm2 with smaller sizes seen in females compared to males (Anderson, 
2001). This translates to common graft sizes used in surgical practice where a 7mm graft (diameter) 
equates to 38mm2 (CSA) and an 8mm graft (diameter) represents a 50mm2 CSA. As a further 
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surgical consideration, an 8mm graft translates to a less than 3% defect in the overall CSA of the 
physis where defects greater than 7% total CSA (10-11mm graft diameter) have been implicated 
with growth arrest suggesting that these standard graft sizes are safe to use (Kercher, 2009). Some 
studies report up to 9% total CSA can be tolerated (Janarv et al., 1998). 
Knee geometry profiling from magnetic resonance imaging (MRI) data has identified non-
modifiable anatomic risk factors that may predict ACL injuries in different populations, namely 
notch width, posterior tibial slope, and ACL volume (Shelbourne, 1998). In females, a 1mm 
decrease in notch width (i.e. narrowing) attributes up to a 50% increase risk of ACL injury 
(Sturnick, 2015). Similarly, in males a decrease in ACL volume by 0.1cm3 has been shown to 
increase the risk of ACL injury by up to 43% (Sturnick, 2015). Furthermore, strength data suggests 
that females tend to be more dominant in their quadriceps muscles group whereas males recruit 
their hamstrings earlier (Youdas, 2007), which may have implications for predicting ACL injury 
risk as well as post-operative rehabilitation.    
Up to seventy percent (70%) of ACL injuries occur in a non-contact setting and usually 
result in a complete intra-substance ligament rupture (Laskowski, 2014). Tibial spine avulsions 
where the ACL pulls out of its distal insertion, typically represent a less significant pathology and 
are often managed non-operatively where indicated. Provided that the avulsed fragment is not 
significantly displaced from its attachment these injuries tend to heal after a period of bracing in 
extension and activity modification. Naturally the inherent difficulties of compliance with this 
rehabilitation regime particularly in paediatric populations presents a significant challenge to the 
treating practitioner. In acute ACL mid-substance ruptures patients typically report a varus or 
valgus force to the knee combined with a pivoting moment on a fixed foot which may be associated 
with an audible ‘pop’ sensation (Fabricant et al., 2013; Mall & Paletta, 2013). Classically the knee 
swells almost immediately (i.e., within the first few hours) owing to an acute haemarthrosis.  
Chronic injuries are associated with increased rates of secondary pathology in the form of 
meniscal tears and further damage to the surrounding articular cartilage (Laskowski, 2014). The 
Pinczewski research group based in Sydney (Australia) have demonstrated a positive correlation 
between secondary pathologies (i.e. meniscal and chondral damage) and increasing intervals 
between injury and time of surgery. The effect of delaying surgery on medial meniscal injuries in 
patients aged <17 years doubled when surgery was delayed between 5 and 12 months and 
quadrupled beyond 12 months emphasising the need for early reconstruction to restore stability and 
therefore confer the menisco-protective benefits (Sri-Ram, Salmon, Pinczewski, & Roe, 2013). 
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Rates of injury 
ACL injuries are common in active individuals and indeed more common in children than 
previously thought (Kaeding, Flanigan, & Donaldson, 2010). The incidence of ACL injury in 
adolescent populations has risen over the past decade owing to increased participation in 
competitive sports as well as enhanced imaging modalities (i.e. MRI) yielding higher detection 
rates, further emphasising the need for evidence-based surgical management guidelines (Aronowitz, 
2000; Bales, Guetler, & Moreman, 2004; Andrews, 1994; Frank & Gambacorta, 2013; Werner, 
Yang, Looney & Gwathmey, 2015; Grindem, 2016). ACL injuries account for 6.3% of all sports 
injuries between the age of 5-12 and 10.6% of all adolescents aged 13-17. (Grindem et al, 2016). 
Females are two to eight times more likely to rupture their ACL than males owing to increased 
ligament laxity and other physiological and anatomical variations (Finlayson, 2014). Further 
research into the outcomes of ACL reconstruction in the adolescent age group is warranted in order 
to allow consensus opinion on the optimal management of this increasingly prevalent condition to 
confer the best clinical outcomes for the patient. 
 
Clinical Significance  
ACL deficiency is associated with poor clinical outcomes including persistent knee joint 
instability and secondary pathologies including meniscal tears and chondral damage, potentially 
predisposing to the early onset of osteoarthritis and functional impairment (Ganley et al., 2011). 
This represents a significant health burden to the patient and the health care system alike. 
Longitudinal data has demonstrated a positive correlation between the time from injury to 
surgery and increased secondary pathologies (i.e. meniscal tears and chondral damage) reporting a 
two-fold increase after 5 months and a four-fold increase beyond 12 months in patients <17 years 
owing to recurrent instability (Sri-Ram et al., 2013). This emphasises the need for prompt diagnosis 
of the injury and early surgical management where clinically indicated to minimise the impact of 
these deleterious outcomes. 
A systematic review comparing 47 studies with reported clinical outcomes of both surgical 
and non-surgical interventions in skeletally immature patients with complete ACL tears found that 
surgical intervention produced superior clinical outcomes in regards to future stability and 
secondary injury prevention (Vavken & Murray, 2011). 
The long-term sequelae of ACL-deficient knees, which include meniscal tears and chondral 
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damage secondary to recurrent instability episodes, appear to be more significant in younger and 
more active individuals as an increased risk factor for osteoarthritis (Magnussen, Mansour, Carey, 
& Spindler, 2009). Therefore, early reconstructive surgery of the ACL-deficient knee may decrease 
subsequent cartilage and meniscal injury, thus improving long-term outcomes for patients 
representing a significant reduction in disease burden. 
 
Paediatric specific considerations 
 The paediatric population represents a unique subset in this field of orthopaedic sports 
medicine owing to continued growth in the presence of an open physis. In the growing skeleton the 
physis or growth plate represents the site of longitudinal growth known as endchondral ossification. 
Under normal circumstances the bone lengthens by means of endosteal reabsorption in a growth 
and remodelling process until skeletal maturity. 
 In the presence of an insult to the growth plate (e.g. trauma or infection) this process can be 
disrupted causing the growth plate to close prematurely resulting in what is known as a bony bridge 
or “bar”. This has implications for normal growth which manifest as limb length and angular 
deformities, the magnitude of which is dependent on the timing of the growth arrest relative to 
expected future growth. Indeed, it is this potential adverse outcome that has fuelled the ongoing 
rhetoric for iatrogenic growth arrest when drilling across the physis in a transphyseal technique 
which will be discussed in more detail later. It is important to note that drilling through or near the 
tibial apophysis can also cause growth arrest abnormalities in these patients. 
 
Surgical management   
Non-operative management of ACL injuries has largely been abandoned for fear of further 
damage to the knee secondary to ongoing instability which is compounded in paediatric populations 
owing to poor compliance with bracing and activity restrictions as previously alluded to. 
ACL reconstruction is a commonly performed, widely validated, and reliable procedure in the 
adult population aimed at restoring knee stability and preserving meniscal integrity (Simonian, 
Metcalf, & Larson, 1999). 
The surgical management of this condition in skeletally immature patients is complicated by 
the presence of open growth plates (physes) at both the distal femur and proximal tibia, whereby 
standard reconstruction techniques currently involve drilling across the physeal scars (once 
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skeletally mature) of both the distal femur and proximal tibia (Kaeding, Flanigan, & Donaldson, 
2010). The normal physiology of the physis may therefore be disrupted as a result of surgical 
intervention if certain precautions are not adhered to. The potential for subsequent premature bone 
growth arrest manifests as coronal or sagittal plane malalignment and or leg length discrepancy 
which has implications for altered biomechanics in and around the knee (Chotel, 2010; Kocher et 
al., 2007).  
This has resulted in the adaptation of several modified surgical techniques aimed at 
minimising or avoiding disruption of the physis (Larsen 2006; Paletta, 2003; Siminoian, Metcalf, & 
Larson, 1999), however this results in non-anatomical placement of the reconstructed ligament with 
subsequent altered joint kinematics. Figure 3 illustrates examples of these physeal-sparing 
techniques for ACL reconstruction. 
 
 
Figure 3. Physeal-sparing techniques for ACL reconstruction demonstrating graft placement in 
relation to the open physis of the distal femur and proximal tibia. Source: Al-Hadithy et al. (2013).  
 
Despite these theoretical trepidations, there is now a growing body of evidence suggesting it 
is indeed safe to use surgical techniques akin to the conventional anatomic adult procedure 
incorporating transphyseal tunnel placement provided certain precautions are taken (Lemaitre et al., 
2014; McCarroll, 1998). The majority of studies in this area employ various adaptations on tunnel 
placement and graft fixation, including extra-articular and partial physeal-sparing techniques as 
well as different combinations of rigid and suspensory fixation (for a comprehensive overview see 
Al-Hadithy et al. 2013). Currently there is no research evaluating the transphyseal technique in 
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three patients. One possible disadvantage of these tech-
niques is the acute angle made by the graft when passing
through a relatively vertical tibial tunnel into a horizontal
femoral tunnel. This may cause fretting of the graft and the-
oretically ncrease the risk of rupture.
Micheli et al12 and Janarv et al57 proposed a combined
intra- and extra-articular technique that used a proximally
harvested iliotibial band, which was passed over the lateral
fem ral condyle, through a notchplasty and fixed directly
on to the anterior tibia. They reported no cases of growth
disturbance or leg-length discrepancy in 17 patients with a
mean age of 11 years.
Brief76 was concerned about the effects of drill holes, regard-
less of whether or not they passed through the physes, and
described a method that avoided them by passing a hamstring
graft under the medial meniscus, through the posterior capsule
and on to the lateral femoral metaphysis, where it was ecured.
This was augmented with an extra-articular iliotibial band ten-
odesis. Of the nine patients treated, eight felt that the knee was
stable and did not have a positive pivot shift: six were able to
return to their pre-injury level of sporting activities.76 All had a
grade 1 Lachmann’s sign and anterior draw test indicating
some stretching of the graft, which occurred within 18 months
of their operation and had not progressed by three years.
Table II. Reports using the transphyseal technique
Author/s Patients (n) Age (yrs)/skeletal maturity* Graft† Outcome‡
Mean follow-up 
(mths)
Kumar et al47 32 11.3 (28 T1/2, 4 T3) Four-strand hamstring No LLD; 1 re-rupture; 1 valgus 
deformity
72.3
McCarroll et al64 60 Near skeletal maturity BPBT No GD; 3 re-ruptures 50
Liddle et al65 17 8 T1, 9 T2 Four-strand hamstring 1 re-rupture; 1 valgus deformity 44
Cohen et al66 26 13.3 Four-strand hamstring 3 re-ruptures 45
Fuchs et al67 10 13.2 BPBT No LLD; no GD 40
Shelbourne et al68 16 7 T3, 9 T4 BPBT No LLD; no GD 40.8
Aichroth et al13 47 13.0 Four-strand hamstring No GD; 75% satisfactory; 
3 re-ruptures
49
Edwards and Grana69 21 13.7 Four-strand hamstring (15); 
BPBT (6)
No LLD; no GD; 2 re-ruptures;
1 persistent laxity
34
Kocher et al70 35 14.7 (all T3) Four-strand hamstring No LLD; no GD; 2 re-ruptures 43
Nikolaou et al71 94 21 T1, 42 T2, 25 T3, 3 T4 Four-strand hamstring No LLD; no GD; 4 re-ruptures 38
* T, Tanner stage 
† BPBT, bone–patella–bone–tendon
‡ LLD, leg-length discrepancy; GD, growth disturbance
Fig. 2a
Diagrams showing various hyseal-sparing techniques. Figure 2a – the extraphyseal technique of Guzzanti et al73: after the oblique epiphyseal tun-
nels are drilled, a staple is fixed into the femoral epiphysis. The proximally detached hamstring tendons are passed through the tibial epiphyseal
tunnel and looped around the staple. The staple is then fixed into the femoral epiphysis under tension. The free end of the graft is sutured to the
tibial periosteum. Figure 2b – the extraphyseal technique of Lawrence et al75: a lateral epiphyseal femoral tunnel and an oblique epiphyseal tibial
tunnel (retrograde) are drilled first, ensuring that the physis is avoided. The graft is introduced from the femoral tunnel using a passing suture. The
graft is fixed first in the tibia using an inside/out screw. After tensioning, the graft is secured into the femur with an interference screw. Figure 2c –
the extraphyseal technique of Janarv et al57: the semitendinosus graft is detached proximally. A tibial epiphyseal tunnel is drilled, avoiding the physis
and allowing passage of the graft. It is passed in an ‘over-the-top’ position on the femur and secured into the femoral metaphysis. Figure 2d – the
extraphyseal technique of Brief,76 Parker et al37 and Bonnard et al77: the semitendinosus graft is detached proximally and either passed into the knee
under the medial meniscus (Brief) or through a groove fashioned on the anterior tibia (Parker and Bonnard). The graft is then passed in an ‘over-the-
top’ position, and secured into the lateral femur metaphysis.
Fig. 2b Fig. 2c Fig. 2d
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adolescents with graft fixation using round-headed cannulated interference (RCI) screws in both the 
femoral and tibial tunnels. This fixation method is widely used in adults where patient volumes 
allow surgeons to become technically proficient with improved outcomes. Applying this technique 
in paediatric and adolescent populations may promote safer practice through standardisation of this 
surgical procedure.  
There is a need for further research into this area to ascertain the safest and most effective 
means of treating this growing problem to ensure prompt diagnosis and timely management to 
afford patients optimal clinical outcomes. These findings will guide surgeons to make informed 
management decisions and maximise patient outcomes. 
The aim of this thesis was to investigate whether transphyseal anterior cruciate ligament 
reconstruction using RCI screw fixation in skeletally immature individuals affects normal growth 
and knee function. Subjective and objective clinical assessments were conducted including post-
operative imaging beyond skeletal maturity to exclude iatrogenic growth arrest at a minimum 2-
year post-operative follow-up, knee specific evaluations and subjective functional knee scores.  
It was hypothesised that transphyseal ACL reconstruction in juvenile populations is a safe and 
effective operative technique that does not affect the normal growth at the physis or cause 
functional disturbances in skeletally immature patients, aimed at restoring knee stability in order to 
confer menisco-protective properties and prevent the advancement of osteoarthritis. Chapter 2 
describes the clinical study and evaluates the efficacy of the surgical approach. Chapter 3 outlines 
the study results, and Chapter 4 discusses the implications of these findings, future research 
recommendations, and considers future directions for ACL injury practice. 
 
 
 
Study aims and methods 9 
 
 
 
 
Chapter 2  
 
Study aims and methods 
 
 
Study aims and methods 
 10 
Research aims and hypotheses  
The aim of the current study was to exclude iatrogenic bone growth arrest through clinical 
and radiological analysis, and to advocate for transphyseal anterior cruciate ligament reconstruction 
in skeletally immature as a safe and effective surgical technique. The secondary aims were to 
evaluate post-operative knee function by subjective knee evaluation scores and objective knee 
specific examination. 
It was hypothesised that no radiological or clinical evidence of growth arrest would be 
encountered as a result of this procedure and that patients were able to return to normal activities 
levels with restored knee stability. In addition, it was hypothesised that round-headed cannulated 
interference (RCI) screws are a safe and reliable fixation method that do not affect the growth plate. 
 
Methods   
Study design  
This study is a retrospective analysis of thirty-one skeletally immature participants who 
underwent transphyseal anterior cruciate ligament (ACL) reconstruction using an ipsilateral 
autologous 4-strand hamstring graft with interference screw fixation in the both the femoral and 
tibial tunnels, with a minimum 2-year post-surgical follow-up. All procedures were performed in an 
identical manner by a single experienced orthopaedic knee surgeon (JB) with over 20 years 
experience in knee surgery in paediatric populations.  
All participants underwent pre-operative clinical examination, plain radiographs to exclude a 
fracture, and magnetic resonance imaging (MRI) to correlate clinical findings of ACL and or 
meniscal pathology. The imaging results were also used to confirm the presence of an open physis. 
These clinical and radiographic findings were subsequently confirmed at the time of surgery. 
The primary outcome was to exclude iatrogenic bone growth arrest of the physis following 
transphyseal ACL reconstruction through radiographical analysis of coronal and sagittal plane 
alignment on post-operative imaging. Secondary outcome measures included self-reported 
performance pre- and post-operatively and knee specific clinical assessment. 
Ethics was obtained from the University of Queensland Human Research Ethics Committee 
(HREC; #2016000543), and informed consent was obtained by participants at the time of 
recruitment (see Appendix A for Participant Information Document and Appendix B Participant 
Consent Form).    
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Participants   
Inclusion criteria were established to assess participant eligibility. These included the 
following:  
(i)   a complete mid-substance tear of the ACL; 
(ii)   an open physis at the time of surgery confirmed on pre-operative imaging 
(radiographs/MRI) and intra-operatively; and,  
(iii)   a minimum 2-year post-operative follow-up period including skeletal maturity (evaluated 
on post-operative radiographs).  
Participants with tibial spine ACL avulsion injuries were excluded from this study as the 
treatment and management of these injuries differs significantly from complete mid-substance and 
insertional ACL tears.  
Recruitment  
Following a systematic review of the patient database, those who met the eligibility criteria 
were invited to participate via email and/or telephone. A total of 47 patients met the study criteria, 
with 31 patients successfully recruited into the study. Five participants declined to be involved in 
the study while the remaining eleven were unable to attend the scheduled assessment sessions 
owing to personal circumstances. Reasons for non-participation included: international/competitive 
sport commitments (2 cases), geographic location (1 case), non-contactable (1 case), unwilling to 
participate in research due to time commitments (1 case).  
Operative technique 
All patients underwent an identical procedure performed by a single experienced orthopaedic 
surgeon (JB) across three centres (Brisbane Private Hospital, Brisbane, Australia; Mater Private 
Hospital, South Brisbane, Australia; and Mater Children’s Hospital, South Brisbane, Australia) 
between 2002 and 2014. 
All patients were routinely examined under anaesthesia (EUA) to assess the stability of the 
affected knee using the Lachman and Pivot Shift tests. A standard 3-portal arthroscopy was 
performed to further evaluate the deficient ACL which was subsequently debrided in preparation 
for the donor graft. Evaluation of both menisci was followed by appropriate management as 
indicated (i.e. stable to probing – left alone, unstable but minor – trimmed back to a stable margin, 
large unstable tears – sutured using fast-fix arthroscopic sutures (Smith & Nephew, Endoscopic 
Division, Andover, MA). Chondral damage and any existing pathology were also documented at 
the time of surgery.  
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A 4-strand ipsilateral autologous hamstring graft was prepared harvesting gracilis and 
semitendinosus tendons via a separate incision over the antero-medial aspect of the proximal tibia to 
expose the pes anserinus. Graft tendons were harvested using a tendon-stripper and doubled over to 
create a 4-strand graft prepared with a whip-stitch at either end for tapered tunnel insertion. The 
diameter of the graft was measured using a calibrated guide to determine tunnel sizes at the femur 
and tibia respectively.  
The femoral tunnel was drilled over a guide-wire with the knee flexed to 120 degrees paying 
attention to the placement and trajectory of the tunnel ensuring the entry point was not too posterior 
and that the tunnel was orientated slightly more vertically to minimise cross-sectional area physes 
disruption. The tibial tunnel was prepared using a jig to ensure the intra-articular exit point was over 
the tibial foot-print of the ACL. The graft was then advanced through the tibial tunnel across the 
notch and through the femoral tunnel before being tensioned. A 7 mm (diameter) x 25 mm (length) 
RCI screw (Smith & Nephew Acufex, Mansfield, MA) was used to fix the graft in the femoral 
tunnel (using a reverse thread for right sided procedures; see Figure 4). The knee was then cycled 
through a full range of motion before tensioning the graft in full knee extension. A second 
interference screw of the same size was used to fix the graft in the tibial tunnel. Figure 5 shows 
antero-posterior and lateral radiographs in a post-operative patient demonstrating interference screw 
position at 2 years follow-up.  
Arthroscopy was again used to confirm the tunnel positions and fixation. Post-fixation 
stability testing confirmed the integrity of the graft. Wounds were closed with a combination of 
adhesive strips and absorbable suture material, soft dressings, and a knee immobiliser. 
 
 
 
Figure 4. Round-headed cannulated interference (RCI) screw (Smith & Nephew Acufex, 
Mansfield, MA) as described in the operative technique.  
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Figure 5. Antero-posterior (left), and lateral (right) radiographs of post-operative ACL 
reconstruction in an 18-year old patient demonstrating a closed physis with migration of fixation 
away from the femoral (cephalic) and tibial (caudal) growth plates consistent with evidence of 
normal longitudinal bone growth.  
 
Post-operative rehabilitation 
Patients were routinely seen again at two weeks post-operatively to assess wound healing and 
look for any signs of infection. The knee immobiliser was discontinued at this stage and a standard 
rehabilitation protocol was commenced under the supervision of experienced physiotherapists and 
rehabilitation specialists emphasising closed chain kinetic exercises and proprioception to optimise 
quadriceps control, hamstring co-contraction and knee range of motion (ROM). Those who had 
undergone meniscal repair using sutures remained non-weight bearing for 4 weeks post-operatively 
before commencing their rehabilitation program to protect the repair. 
Patients were then followed-up at 2, 4, 6 and 9 months before being allowed to return to sport 
provided they had satisfactorily fulfilled the rehabilitation requirements. These patients were 
routinely followed for a minimum of 12 months to assess for clinical signs of bone growth arrest, 
and then annually until skeletal maturity. 
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Outcome measures  
All assessments were completed by a team of experienced clinicians, including a senior sports 
physician (PF), consultant radiologist (POC), accredited exercise physiologists with qualifications 
in anthropometric measurements and data collection (JA, CE). Standardised assessment techniques 
were used (see Appendix C for Data Collection Form). For an overview of outcome measures see 
Table 1. 
Table 1. Overview of outcomes measures.  
Medical imaging assessments  
 Bone growth  Leg length (cm) compared to contralateral limb 
 Alignment Mechanical axis + coronal/sagittal plane alignment 
 Skeletal  Growth plate closure (Open/Closing/Closed) 
Patient-reported evaluations 
 Knee-specific function  Lysholm Knee Score (Lysholm, 1982) 
 Activity levels Tegner Activity Scale (Tegner & Lysholm, 1985) 
 Knee function International Knee Documentation Committee (IKDC)  
Clinical assessment  
 Ligament stability Lachman’s Test, Anterior Drawer Test, Pivot shift test 
 Range of motion Goniometer to measure knee ROM in degrees 
 Instrumented knee testing Rolimeter (Aircast) 
  
Medical imaging assessments  
Long-leg alignment films and lateral radiographs of the operative knee were analysed to 
objectively assess the following: (1) confirm skeletal maturity defined by a closed distal femoral 
and proximal tibial physes; (2) leg length (combined femur and tibia lengths); and (3) 
coronal/sagittal plane alignment and referenced against validated population data (Paley, 2002). 
These were reported by an independent consultant radiologist with extensive experience 
interpreting these outcomes specifically in paediatric populations. 
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Patient-reported evaluations  
Participants completed three brief clinical self-report questionnaires: (1) Lysholm Knee Score 
(Lysholm, 1982); (2) Tegner Activity Scale (Tegner & Lysholm, 1985); and (3) International Knee 
Documentation Committee (IKDC) Knee Ligament Evaluation Form (Irrgang et al., 2001). Each of 
these measures have been previously validated in the literature as reliable assessment tools and have 
been used extensively in this field to evaluate post-operative knee outcomes (Tilley & Thomas, 
2010; Johnson et al., 2001; Briggs et al., 2009).  
Lysholm Knee Score  
The Lysholm Knee Score (Lysholm & Gillquist, 1982) is an 8-item questionnaire that 
evaluates the patient’s knee ligament stability. Patients rate their current knee function against eight 
criteria on a combined scale of 0 – 100. The criteria include: (1) pain, (2) instability, (3) locking, (4) 
swelling, (5) limp, (6) stair-climbing, (7) squatting, and (8) use of support. Scores are then totalled, 
with higher scores indicating greater functional ability and a maximum score of 100. This measure 
demonstrates good internal consistency, reliability and construct validity (Lysholm & Gillquist, 
1982). 
Tegner Activity Scale  
The Tegner Activity Scale (Tegner & Lysholm, 1985) was designed to complement the 
Lysholm knee score by assessing activity levels for patients with ligament injuries. Patients score 
their activity levels between 0 and 10 (0 = on sick leave/disability and 10 = participation in 
competitive sports such as soccer at a national level or international elite level). Activity levels 
graded from 6 to 10 can only be achieved if a person takes part in recreational or competitive sports. 
This brief measure is a valid and reliable method of assessing post-operative knee patients	  (Tegner 
& Lysholm, 1985).  
International Knee Documentation Committee (IKDC) 
The International Knee Documentation Committee (IKDC) Subjective Knee Form (Irrgang et 
al., 2001) is divided into documentation, qualification and evaluation sections, and examines four 
(4) areas (subjective assessment, symptoms, range of movement and ligament examination). This 
tool is used to assess the patients’ level of sporting activity. Completed evaluation forms were 
entered into an online software program, and a score out of 100 was calculated. 
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Clinical assessment  
Patients attended a clinical assessment session at the University of Queensland School of 
Human Movement and Nutrition Sciences, St Lucia, Brisbane, Australia, to evaluate the following: 
(1) isolated hamstring and quadriceps strength using isometric dynamometry; (2) functional 
performance testing using proxy strength measures; and (3) knee-specific examination.  
Strength testing (isometric dynamometry)   
Isometric dynamometry was used to compare hamstring and quadriceps muscle groups, 
specifically maximal voluntary contractions between the operative and non-operative knee. After 
being familiarised with the testing apparatus participants were encouraged to generate three 6-
second maximal extension and flexion exertions for each muscle group (i.e. quadriceps and 
hamstrings respectively) on each side with a 30 second rest period between efforts. Participants 
were seated with the knee flexed at 90 degrees and arms across the chest as shown in Figure 6. An 
S-type load cell with scaled components rated to 300 kg was used to measure force in newtons via a 
transducer which was calibrated prior to testing. Muscle Lab V8 software (Ergotest Technology) 
was used to analyse strength and recording the peak force generated as the outcome measure (see 
Figure 7 for an example of raw data output analysed).  
 
 
Figure 6. Isometric dynamometry apparatus set-up used to measure quadriceps and hamstring 
muscle group strength.  
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Figure 7. Example of raw data output from isometric dynamometry testing using Muscle Lab V8 
software.  
Functional performance testing 
Maximum single-leg hop and vertical jump assessments were used as functional measures of 
combined lower limb muscle, including hamstring and quadriceps, strength. Participants performed 
three maximal efforts on each leg and the best score was recorded. Performance on the operative 
side was compared with contralateral limb where a measure > 90% was considered to be 
satisfactory (Fitzgerald, Lephart, Hwang, & Wainner, 2001). Refer to Figure 8 for an example set-
up of vertical jump assessment.  
 
 
 
 
 
 
 
 
 
Figure 8. Example set-up for maximal vertical jump assessment.  
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Knee-specific examination  
Physical examination of the knee was conducted by an experienced sports physician to assess 
knee function and ligament stability, including range of motion (degrees), Pivot-shift test (graded 0-
3), and Lachman test (graded 0-2). Instrumented testing with a rolimeter arthrometer (Aircast, Boca 
Raton, FL) was used to assess graft and ligament laxity (mm). A visual rating of alignment (i.e., “do 
both knees look the same?”) and measurement of thigh circumference (cm) were also assessed. 
 
	  
Figure 9. Physical examination and clinical testing of knee function and ligament stability.  
 
Figure 10. Example of instrumented knee joint testing of ACL laxity using Aircast rolimeter 
arthrometer.  
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Procedure 
Thirty-one (31) patients with open growth plates at the time of surgery underwent 
arthroscopically assisted ACL reconstruction using ipsilateral autologous hamstring grafts and 
interference screw fixation. All procedures were performed by an experienced orthopaedic surgeon 
using the same operative technique (JB). At a minimum two-year post-operative period, eligible 
patients were invited to participate in the research study.  
Participants who met the aforementioned inclusion criteria were contacted via telephone 
and/or email to determine if they were interested in participating in the study. During this initial 
contact verbal consent was obtained and contact details were updated. Participants were provided 
with information about the research project outlining the study design and what was involved for 
the participant.  
Participants then attended a clinical assessment session at the university campus. Participants 
were provided with a radiology request from to have long-leg alignment films plus a lateral 
radiograph of the operative knee. These were then available for viewing via online software 
(InteleViewer).  
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Statistical analyses  
Data was analysed using SPSS 23.0 statistical software package (SPSS Inc, Chicago, IL); data 
normality of distribution was assessed using the Shapiro-Wilk test. Analyses included standard 
descriptive statistics and paired sample t-tests to compare outcome measures between the operative 
and non-operative sides. A series of paired sample t-tests were also conducted for each sex to 
compare outcomes between operative and non-operative sides. An alpha level of 0.05 (two-sided) 
was established as the standard for statistical significance.  
Results  
Descriptive statistics  
The mean surgical age was 15.16 years (range 12-16 years). There were 21 (67.7%) males, 
and 10 (32.3%) females. The study knee (hereafter referred to as the operative side) was 18 (58.1%) 
left and 13 (41.9%) right. The mean BMI was 24.1 kg/m2 (± 3.17). The mean time to orthopaedic 
assessment (i.e., numbers of days between date of injury and clinical assessment) was 17 days (± 
27.5). The mean time to ACL reconstructive surgery (i.e., numbers of days between date of injury 
and surgery) was 89 days (± 90.5). Table 2 compares sex differences between each of the 
descriptive statistics. 
Figure 11 shows the sports/activities patients were participating in at the time of ACL rupture, 
and Table 3 compares the frequency of each physical activity by sex. All ACL injuries were 
associated with acute, traumatic injury mechanisms, such as cutting and side-stepping. The most 
frequent causes of injury were rugby (45%), touch football (16%), and netball (16%). In males, 
rugby union/league accounted for the highest number of injuries (14/21; 75%), and in females, 
netball accounted for the highest number of ACL injuries (5/10; 50%). Touch football accounted for 
14% (3/21) of male ACL injuries, and 20% (2/10) of female ACL injuries.   
Table 2. Participant descriptive statistics by sex (N=31).  
 Male (n=21) 
Mean (±) 
Female (n=10) 
Mean (±) 
Surgical age (years) 15.24 (1.64) 15.80 (1.48) 
Study knee 
   Right 
   Left 
 
7 (33.30%) 
14 (66.60%) 
 
6 (60.00%) 
4 (40.00%) 
BMI (kg/m2) 25.21 (3.12) 21.78 (1.78) 
Time to assessment (days) 9 (33.17) 16 (11.47) 
Time to surgery (days) 67 (77.48) 45.5 (116.06) 
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Figure 11. Overall frequency of physical activity during time of injury. Note: Rugby=Rugby 
League/Union; AFL=Australian Football League.  
 
Table 3. Frequency of physical activity during time of injury by sex.  
 
Physical Activity 
Male (n = 21) 
Frequency (%) 
Female (n = 10) 
Frequency (%) 
Rugby League  
Touch Football  
Netball  
Soccer  
AFL  
Athletics 
Skiing  
Play   
14 (66%) 
3 (14%) 
0 (0%) 
0 (0%) 
2 (10%) 
1 (5%) 
0 (0%) 
1 (5%) 
0 (0%) 
2 (20%) 
5 (50%) 
2 (20%) 
0 (0%) 
0 (0%) 
1 (10%) 
0 (0%) 
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Operative information  
At the time of surgery, seven (7) patients (22.5%) were found to have an associated acute 
meniscal tear. The medial meniscus was involved in three (3) cases, and was either debrided (n = 1) 
or sutured (n = 2). The lateral meniscus was found to be involved in four (4) cases (debrided n = 2 
and sutured n = 2). There were no cases of chondral defect identified at the time of surgery. Figure 
12 shows a typical medial meniscal tear post-surgical debridement demonstrating a stable and 
healthy margin. Figure 13 shows arthroscopic imaging of a ruptured anterior cruciate ligament and 
a hamstring graft post-reconstruction.    
 
 
Figure 12. Intra-operative arthroscopy imaging demonstrating post-surgical debridement of 
meniscal pathology.   
   
Figure 13. Intra-operative arthroscopy imaging demonstrating a ruptured ACL (left image), and a 
hamstring graft post-reconstruction (right image) in the right knee of a male patient.  
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Medical imaging assessments 
All patients had an open physes documented on pre-operative imaging (see Figure 14). A total 
of fourteen (14) patients completed post-operative radiographs.  
 
                             
Figure 14. Antero-posterior radiograph of the right knee in a skeletally immature patient (10-year 
old male) demonstrating an open distal femoral and proximal tibia physis.  
  
Coronal plane alignment 
Table 4 presents the mean data for coronal plane alignment measures of the knee joint. There 
were no statistically significant differences in coronal plane alignment between the operative knee 
and the non-operative knee measured from the long-leg alignment films (see Figure 14), for 
mMPTA t(13) = .92, p =.373, and for aLDFA t(13) = .66, p = .523. Furthermore, all measures were 
within the standardised reference range of established anthropometric population data (Paley, 
2002).  
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For males, there was no statistical differences in coronal plane alignment between the 
operative and non-operative knee, for mMPTA, t(8) = 1.104, p = .302, and for aLDFA, t(8) - .175, p 
= .865. For females, there were also no statistical differences in coronal plane alignment between 
the operative and non-operative knee for mMPTA, t(4) = .000, p = 1.000, and for aLDFA, t(4) = 
.659, p = .546.  
 
Table 4. Results of the coronal plane alignment. 
 
Measure 
Operative Knee 
Mean (±) 
Non-operative Knee 
Mean (±) 
Reference Data 
Mean (±) 
aLDFA (degrees)    83.2 (3.1) 82.8 (2.3) 81.0 (2.0) 
mMPTA (degrees)    88.6 (1.9) 88.2 (1.2) 87.0 (3.0) 
 
   
Figure 15. Long-leg alignment radiograph of a post-operative skeletally mature male patient 
demonstrating normal coronal plane alignment of both the operative and non-operative knees (left). 
The radiograph was obtained 5 years after ACL reconstruction following injury at the age of 11 
years during rugby union; (b) Normative reference data from Paley (2002).    
(a)  (b)  
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Sagittal plane alignment  
Table 5 presents the mean data for sagittal plane alignment. There was no difference in 
sagittal alignment of the operative knee compared to normalised population data measured from 
lateral radiographs of the knee (Paley, 2002). Refer to Figure 15 provides an example of sagittal 
alignment and normative data reference points. 
 
Table 5. Results of the sagittal plane alignment. 
 Operative Knee 
Mean (±) 
Reference Data 
Mean (±) 
aPDFA (degrees)   84.4 (3.2) 83.0 (4.0) 
aPPTA (degrees)   85.1 (2.9) 81.0 (3.0) 
 
 
                
Figure 16. (a) Lateral radiograph of post-operative skeletally mature female patient demonstrating 
normal sagittal plane alignment at 4 years post-operative (aged 13 years at time of injury playing 
netball); (b) Normative reference data from Paley (2002).  
Study analysis and results 
 27 
Leg-length data 
Table 6 presents the mean data for the length measurements of the femur, tibia, and whole 
leg. There were no statistically significant leg-length discrepancies between the operative and non-
operative knee measured from the long-leg radiographs for the mean femur, t(13) = 1.23, p = .240, 
mean tibia, t(13) = 0.25, p = .807, and mean whole leg, t(13) = .99, p = .341. See Figure 16 for 
example of limb length measurements from long-leg radiographs.  
For males, there were no statistically significant leg-length discrepancies between the 
operative and non-operative knee measured from the long-leg radiographs for the mean femur, t(8) 
= 1.33, p = .221, mean tibia, t(8) = .55, p = .600, and mean whole leg, t(8) = 1.01, p = .341. For 
females, there were also no statistically significant leg-length discrepancies between the operative 
and non-operative knee measured from the long-leg radiographs for the mean femur, t(4) = -.58, p = 
.591, mean tibia, t(4) = -.58, p = .591, and mean whole leg, t(4) = -.58, p = .591.	  	  
 
Table 6. Results of leg-length data.   
 
Measure  
Operative Knee 
Mean (±) 
Non-Operative Knee 
Mean (±) 
Femur (mm)   511.1 (37.4) 508.9 (35.2) 
Tibia (mm)   390.7 (26.7) 390.3 (24.2) 
Whole leg (mm)   906.6 (61.8) 903.8 (58.9) 
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Figure 17. Long-leg alignment radiograph of a skeletally mature male patient (left) and female 
patient (right) used for limb length measurements.  
 
Subjective knee evaluation measures  
The mean Lysholm knee score was 90.79 (± 9.13), with no statistically significant difference 
in pain scores between the operative (0.64 ± 1.19) and non-operative knee (0.25 ± 0.70), t(27) = 
2.02, p = .054. For females, no statistically significant difference was observed in pain scores 
between the operative and non-operative knee, t(9) = .937, p = .373. Similarly, there was no 
statistical difference found in pain scores between the operative and non-operative knee, t(17) = 
1.941, p = .069.  
The Tegner Activity Scale scores revealed a statistically significant decrease in participation 
levels from pre-operative (M = 8.45; ranging from 5 to 10) to current (M = 6.71; ranging from 2 to 
10), t(27) = 3.99, p = .000.	  The mean International Knee Documentation Committee (IKDC) score 
was 88.60 out of 100.00 (± 10.60; ranging from 67.8 to 100).  
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Clinical assessments 
Isometric strength testing 
A statistically significant difference was identified between hamstring strength for the 
operative (213.75 N, ± 70.55) versus the non-operative knee (276.01 N, ± 72.73), t(29) = -7.78, p > 
.001. For females and males, there were a statistically significant difference between hamstring 
strength for the operative and non-operative side, t(9) =-6.38, p = .000 and t(19) = -5.74, p =.000, 
respectively.	   
There was no statistically significant difference in quadriceps strength between the non-
operative (344.96 N ± 14.69) and operative knee (345.92 N ± 16.08), t(29) = 0.11, p = .961. No 
statistically significant difference in quadriceps strength between the operative and non-operative 
side was found for females, t(9) = -.48, p = .640. Similarly, for males no statistically significant 
difference was identified between operative and non-operative knee, t(19) = .716, p = .483.	   
Hamstring-quadriceps ratio demonstrated a statistically significant difference between the 
operative (0.62 ± .03) and non-operative knee (0.81, ± .03), t(29) = -4.48, p > .001. There was no 
statistically significant difference between operative and non-operative side for hamstring-
quadriceps ratio for females, t(9) = -2.61, p = .028, and males, t(19) = -4.67, p = .000.	  	  
 
Functional performance testing 
Overall, no statistically significant difference was demonstrated between single-leg hop for 
the operative (161.6 cm ± 6.72) and non-operative side (163.8cm ± 6.54), t(29) = -1.28, p = .211. 
For females, no statistically significant difference between single-leg hop on the operative and non-
operative side was found, t(9) = -1.40, p = .195. For males, no statistically significant difference 
between single-leg hop on the operative and non-operative side was found, t(19) = -.63, p = .535.	   
Similarly no statistically significant difference was found with vertical leap for the operative 
(40.9 cm ± 1.81) and non-operative side (40.2 cm ± 1.68), t(29) = 0.60, p = .553. For females, there 
was no statistically significant difference for vertical leap between the operative and non-operative 
side, t(9) = .99, p = .350. Similarly, for males no statistically significant difference for vertical leap 
between the operative and non-operative side was found, t(29) = .000, p = 1.00. 
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Knee-specific examination  
All operative knees were clinically rated as Grade I with a firm end-point using the Lachman 
test. While instrumented testing showed a significant difference in ligament laxity between the 
operative knee (4.66 mm ± 1.35) and the non-operative knee (2.74 mm ± 0.99), t(30) = 1.44, p = 
.161, all results were <5 mm making them Grade I laxity which correlates directly with the 
Lachman test. 
Overall, there was no statistically significant difference between thigh circumference for the 
operative (55.69 cm ± 0.88) and non-operative side (56.02 cm ± .89), t(30) = -1.47, p = .152. For 
females, no statistically significant difference between thigh circumference for the operative and 
non-operative side, t(9) = -1.12, p = .290. For males, no statistically significant difference between 
thigh circumference for the operative and non-operative side, t(20) = -1.02, p = .322. 
All but one case were graded as Grade 0 or Grade I on the Pivot shift test demonstrating a 
stable knee with an intact graft or ligament.  
The significance and implications for these findings as they pertain to the clinical context will 
be discussed in Chapter 3. Radiological assessments demonstrated no evidence of growth 
disturbance either in leg length or angular deformity. Patient-reported evaluations revealed that 
subjects returned to a satisfactory level of activity and were similarly satisfied with the outcome of 
their surgery. Clinical assessments highlight a significant reduction in hamstring strength on the 
operative side however this does not appear to have a functional or clinical impact on performance 
suggestive of a compensatory function at play. 
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Discussion   
These research findings support the hypothesis that transphyseal ACL reconstruction does not 
cause iatrogenic bone growth arrest as evidenced by normal coronal and sagittal plane alignment 
and length measured on post-operative radiographs at skeletal maturity. It was hypothesised that 
interference screw fixation in both the femur and tibia is a safe and reliable technique and this 
hypothesis was also supported through post-operative imaging with no evidence of iatrogenic 
growth disturbances and excellent functional outcomes. 
The present findings support the growing body of evidence that transphyseal ACL 
reconstruction in late stage skeletally immature adolescent patients is a safe and effective means of 
restoring knee joint stability and preventing meniscal and chondral damage. Results demonstrate no 
evidence of iatrogenic bone growth arrest at skeletal maturity when assessed both clinically and 
radiographically. Moreover, interference screw fixation was used successfully in the femur and tibia 
and demonstrates growth away from the physis on post-operative imaging suggestive of normal 
growth. This fixation method has not been widely reported in the literature and should be 
considered as a reliable and reproducible method to achieve positive patient outcomes. 
This research found that hamstring strength on the operative knee was significantly reduced 
compared to the non-operative knee while quadriceps strength recovered to show no difference 
between the two sides. Moreover, there was no difference in thigh circumference between knees. 
These results suggest that although patients are able to regain and then maintain quadriceps bulk 
and strength, hamstring strength does not recover and that perhaps greater emphasis should be 
placed on this muscle group during the post-operative rehabilitation period. 
Hamstring:quadriceps co-contraction is an important feature of good quality knee stability 
and is an integral part of the early post-operative recovery together with closed-chain kinetic 
exercises. 
This procedure does not appear to impact on functional performance whereby no 
demonstrable difference was seen between sides in both the single-leg hop and vertical leap testing. 
All patients made a successful return to their chosen sporting activities and while there was a 
decrease in the level of activity participants performed at, this was found to be multifactorial and 
was commonly attributed to other reasons such as work and social commitments rather than 
decreased ability and knee function. 
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Study limitations  
The inherent issues associated with the retrospective nature of this research is a recognised 
limitation of the study. To date, there have been no randomised controlled trials (RCTs) or 
prospective comparative studies of graft fixation in the paediatric population aimed at addressing 
this area of orthopaedic sports medicine. The absence of a dedicated control group meant that the 
non-operative knee served as a proxy measure for this. Naturally this introduces bias into 
comparisons by ignoring side dominance (i.e. right versus left) and any compensatory mechanisms 
present. 
It should be noted that given the mean age of the patients, these findings support the 
hypothesis for an adolescent approaching the end of growth. Future research should replicate this 
study with a larger sample and younger cohort. It is also recommended that future studies should 
utilise the paediatric version on the International Knee Documentation Committee (IKDC) measure 
for assessment of knee function (i.e. Pedi-IKDC). 
Future research should replicate the current study with a larger participant sample. Although 
the current overall sample size was thirty-one (31) skeletally immature patients, only 14 patients 
obtained follow-up radiographs for the assessment of bone growth (i.e., leg length and alignment).  
This body of research represents the post-operative clinical outcomes of a single surgeon and, 
while these results are favourable, it is acknowledged that these results may not be widely 
reproducible to other surgeons with variable experience in this sub-specialty population.  
Future research directions  
The magnitude of the observed hamstring strength discrepancy in the operative knee was not 
anticipated to be as significant as shown in this cohort of skeletally immature patients. While a 
decrease in hamstring strength can be expected after harvesting the gracilis and semitendinosis 
tendons, it appears that the subject is able to compensate for this in terms of functional performance 
without limitation. While traditional post-operative ACL rehabilitation protocols emphasise 
quadriceps control, this research suggests an increased focus on hamstring rehabilitation is 
warranted to optimise quadricep:hamstring co-contraction in closed chain kinetic exercises and 
provide valuable proprioceptive feedback stimulus conferring a protective mechanism integral to 
the successful rehabilitation and return to activities. 
It is interesting to note that there was increased laxity in the operative knee compared with 
the non-operative knee. This is commonly observed in a clinical setting however is yet to be 
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examined in the literature. This warrants further investigation by conducting a prospective study 
comparing laxity in operative and non-operative knees with a larger cohort to elevate the clinical 
significance.   
The growing body of evidence in this field of paediatric orthopaedics advocates 
transphyseal ACL reconstruction in skeletally immature patients as an effective procedure without 
adverse outcomes that restores knee joint stability and when diagnosed and treated promptly 
reduces the incidence of secondary pathologies in the form of meniscal injuries and chondral 
damage. 
The findings from this research evoke discussions about the current practices of ACL 
reconstruction in juvenile populations and the future direction of this practice. The need for a large 
multi-centre prospective study and the establishment of a knee database is warranted to build a 
valuable research resource for orthopaedic surgeons with a special interest in this area. Discussions 
and preliminary development of an ACL registry aimed at collecting pre-operative, operative and 
post-operative data is already underway and will serve as a major output from this research study. It 
is envisaged that cumulative data from this database will be used to guide future management 
practices and research endeavours. 
Implications for surgical treatment 
The current findings provide valuable insight into this sub-speciality area of paediatric 
orthopaedics, and builds on the current concepts for the management of ACL rupture in skeletally 
immature patients. 
Based on the findings, we advocate transphyseal ACL reconstruction in skeletally immature 
patients as an effective procedure provided certain surgical principles are adhered to in order to 
minimise trauma to the physis under the supervision of an experienced surgeon. These include a 
more vertical tunnel trajectory and limiting the amount of drilling time to reduce the impact of 
thermal necrosis and therefore the cross-sectional area (CSA) of the physis that is disrupted when 
drilling. 
The results of this study will have implications for current best practice guidelines in relation 
to the management of adolescent ACL injuries. It is envisaged that these findings will allow a wider 
population of surgeons to effectively treat paediatric ACL injuries by becoming more proficient 
with a standardised, evidence-based technique without the need to adopt non-anatomical variations.  
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Furthermore, it is likely to lead to a wider base of orthopaedic surgeons performing this 
surgery which will have beneficial effects on the training of future surgeons. At present adolescent 
ACL reconstruction tends to be performed in a small number of centres by only a few surgeons 
resulting in higher healthcare costs associated with travel to the specialised centres or even limited 
access to appropriate healthcare for some members of the population. A more consistent and 
standardised technique is likely to result in better health outcomes and less need for revision surgery 
with an overall reduction in the healthcare burden of this injury. 
Summary 
The surgical reconstruction of the ruptured anterior cruciate ligament (ACL) in skeletally 
immature patients is now accepted as common practice, however concerns still remain over the 
potential for iatrogenic bone growth arrest. There is now a growing body of evidence supporting the 
transphyseal technique and its variations as the gold standard, however the method of graft fixation 
in this technique is still in dispute. This research builds on the existing body of literature while 
evaluating the outcomes of a standardised procedure using a fixation method infrequently reported 
in the paediatric population, namely interference screws in both the femur and tibia. It strengthens 
the current evidence that transphyseal reconstruction is an effective procedure but is also intended 
to show that fixation of the graft using the conventional adult technique will not compromise 
outcome results or predispose to growth arrest. 
This study has successfully demonstrated the positive outcomes of 31 skeletally immature 
patients who underwent transphyseal ACL reconstruction without any evidence of iatrogenic 
growth arrest at skeletal maturity and a minimum 2-year post-operative follow-up period. Ongoing 
research in this area will serve to consolidate these findings and establish early reconstruction as the 
gold standard in the management of ACL injuries.  
We advocate early reconstructive surgery in patients with ACL rupture in order to restore 
stability and prevent secondary chondral damage and meniscal tears, ideally within five (5) months 
from the time of injury particularly in younger patients. 
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